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Peroxisome proliferator-activated receptor � (PPAR�) is important in the induction of cell-specific pleio-
tropic responses, including the development of liver tumors, when it is chronically activated by structurally
diverse synthetic ligands such as Wy-14,643 or by unmetabolized endogenous ligands resulting from the
disruption of the gene encoding acyl coenzyme A (CoA) oxidase (AOX). Alterations in gene expression patterns
in livers with PPAR� activation were delineated by using a proteomic approach to analyze liver proteins of
Wy-14,643-treated and AOX�/� mice. We identified 46 differentially expressed proteins in mouse livers with
PPAR� activation. Up-regulated proteins, including acetyl-CoA acetyltransferase, farnesyl pyrophosphate
synthase, and carnitine O-octanoyltransferase, are involved in fatty acid metabolism, whereas down-regulated
proteins, including ketohexokinase, formiminotransferase-cyclodeaminase, fructose-bisphosphatase aldolase
B, sarcosine dehydrogenase, and cysteine sulfinic acid decarboxylase, are involved in carbohydrate and amino
acid metabolism. Among stress response and xenobiotic metabolism proteins, selenium-binding protein 2 and
catalase showed a dramatic �18-fold decrease in expression and a modest �6-fold increase in expression,
respectively. In addition, glycine N-methyltransferase, pyrophosphate phosphohydrolase, and protein phos-
phatase 1D were down-regulated with PPAR� activation. These observations establish proteomic profiles
reflecting a common and predictable pattern of differential protein expression in livers with PPAR� activation.
We conclude that livers with PPAR� activation are transcriptionally geared towards fatty acid combustion.

Peroxisome proliferators constitute a group of chemicals
with many applications in health and industry (16, 39–42).
Administration of peroxisome proliferators to rodents results
in marked hepatomegaly that is characterized by increased
expression of the enzymes involved in fatty acid metabolism,
proliferation of peroxisomes in hepatic parenchymal cells, and
increased liver cell proliferation during the early stages (38–
40). Chronic exposure to peroxisome proliferators leads to the
development of hepatocellular carcinomas in rats and mice
due to nongenotoxic mechanisms (16, 39, 41). The effects of
peroxisome proliferators in rodents are mediated by peroxi-
some proliferator-activated receptor � (PPAR�), a member of
the group of transcription factors that regulates the expression
of genes involved in lipid metabolism and adipocyte differen-
tiation (8, 20, 21). Activation of PPAR� in rodent liver pro-
motes expression of peroxisomal fatty acid �-oxidation system
enzymes, including the first and rate-limiting enzyme acyl co-
enzyme A (acyl-CoA) oxidase (AOX) (18, 44). Mice deficient
in AOX (AOX�/� mice) initially exhibit extensive microve-
sicular fatty metamorphosis of liver parenchymal cells as well
as inflammatory reactions, and go on to develop regenerative
hepatocytes that display massive spontaneous peroxisome pro-

liferation (10, 11). Subsequently, liver tumors develop in
AOX�/� mice by 15 months of age, similar to the result of
sustained induction of PPAR� in wild-type mice and rats by
exogenous peroxisome proliferators (11). The deletion of AOX
leads to the accumulation of unmetabolized AOX substrates,
which serve as endogenous ligands responsible for the tran-
scriptional activation of PPAR� in vivo (10, 11, 18). Thus, the
AOX�/� mouse is an ideal model for elucidating the connec-
tion between peroxisome proliferation and hepatocarcino-
genesis without the need for using exogenous peroxisome
proliferators. Furthermore, AOX�/� mice, in which PPAR� is
activated by natural or biological ligands, serve as a valuable
model system for comparing changes in gene expression that
manifest in wild-type mice following activation of PPAR� by
synthetic ligands.

Previously, 40 protein mass peaks identified by using the
surface-enhanced laser desorption-ionization ProteinChip bi-
ology system were found to have twofold-higher mass spectros-
copy signal intensities in AOX�/� mice than in wild-type un-
treated mice (6). These results also indicated that the protein
profile of AOX�/� mice was similar to that of wild-type mice
treated with Wy-14,643, a potent peroxisome proliferator, but
significantly different from that of untreated wild-type mice. By
liquid chromatography coupled with tandem mass spectrome-
try (LC–MS-MS) analysis, we identified one of the down-reg-
ulated peaks in AOX�/� mice as a major urinary protein (6).

As a continuation of that work and to further investigate
the molecular mechanism of peroxisome proliferator-induced
hepatocarcinogenesis, we used in this study the recently devel-
oped fluorescence two-dimensional differential in-gel electro-
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phoresis (2-D DIGE) technology (49) to compare the liver
protein profile of AOX�/� mice with those of Wy-14,643-
treated and untreated wild-type mice. Following trypsin pro-
tease digestion, differentially expressed protein spots were an-
alyzed by LC–MS-MS to identify proteins (24). We report here
the analysis of differential protein expression in AOX�/� and
Wy-14,643-treated wild-type mice and the identification of 46
differentially expressed proteins. By gene ontology annotation
(1, 51), these differentially expressed proteins were aligned
according to their primary function. These observations estab-
lish the similarities in protein profiles in livers with PPAR�
activation by natural and synthetic ligands. Functionally, there
is a preponderance of proteins involved in fatty acid metabo-
lism in livers with PPAR� activation, implying that higher
PPAR� activity contributes excess energy combustion.

MATERIALS AND METHODS

Animals. Wild-type (C57BL/6J) and AOX-null (AOX�/�) male mice (10), 3 to
4 months of age, were housed in a controlled environment with a 12-h-light–12-
h-dark cycle. They were provided with free access to water and standard labo-
ratory chow. Wild-type mice were fed powdered chow containing Wy-14,643
(0.125%, wt/wt), a synthetic peroxisome proliferator, ad libitum for 2 weeks.
Control (wild-type) mice received powdered chow with the solvent dimethyl
sulfoxide and without Wy-14,643. All animals were sacrificed by terminal anes-
thesia after 2 weeks, and their liver tissues were removed, snap-frozen, and
stored at �80°C. All animal procedures used in this study were reviewed and
approved by the Institutional Review Board for Animal Research of Northwest-
ern University.

Protein sample preparation. Individual mouse livers were thawed and homog-
enized in 5 ml of homogenization buffer (10 mM Tris-HCl [pH 7.4], 0.25 M sucrose,
1 mM EDTA, 1 mM phenylmethylsufonyl fluoride, 2.5 mg of aprotinin/ml, antipain,
and leupeptin) on ice, with a Potter-type homogenizer using 15 strokes. Liver
homogenates were pooled from three mice from each treatment group and centri-
fuged at 25,000 � g for 15 min, and the supernatants were collected. Protein
concentrations for each treatment group were determined by using the BCA protein
assay (Pierce Chemical Co., Rockford, Ill.), and the final concentration of the
supernatant was adjusted to 20 mg/ml by adding the homogenization buffer. The
protein samples were aliquoted and stored at �80°C before use.

2-D DIGE and image analysis. For two-dimensional gel analysis, the pooled
samples were labeled by the DIGE fluorescent dyes as described elsewhere (49).
Briefly, 300 �g of protein from each pooled sample was diluted to a final volume
of 200 �l with labeling buffer containing 7 M urea, 2 M thiourea, and 4% CHAPS
{3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate} in 10 mM
Tris-HCl (pH 9.0). Three cyanine dyes, Cy2, Cy3, and Cy5 (Amersham Bio-
sciences, Piscataway, N.J.), were used to label the three treatment groups of liver
protein samples (wild type, AOX�/�, and Wy-14,643 treated, respectively) in a
ratio of 50 �g of protein to 200 pmol of dye for 30 min. The reaction was
terminated by the addition of 6 �l of 10 mM lysine, and the labeled proteins from
the three treatment groups were then mixed together. For the first-dimension
separation, the labeling mixture was applied to six Immobiline DryStrips (24 cm
long, pHs 3 to 10; Amersham Biosciences) with a total of 120 kV � h of isoelectric
focusing. The second dimension was carried out with six 10% SDS-PAGE gels,
and gel images were subsequently acquired at the recommended wavelengths by
using a 2920-2D Master Imager (Amersham Biosciences). Fluorescence Cy2,
Cy3, and Cy5 DIGE images from three replicated gels with good separation
quality were selected for comprehensive image analysis by using DeCyder dif-
ferential in-gel analysis (DIA) and biological variation analysis (BVA) software
programs (Amersham Biosciences). Statistical data were drawn from triplicate
gels. Spots with a Student’s t test P value of less than 0.05 and an average change
greater than 1.5-fold were considered statistically significantly regulated spots. A
proportion of these differentially expressed spots was further analyzed by LC–
MS-MS to determine protein identification.

Protein identification by LC–MS-MS. For protein identification, two of the
cyanine dye-labeled gels were subsequently stained with SYPRO Ruby fluores-
cent stain according to the manufacturer’s protocol (Molecular Probes, Eugene,
Oreg.). The SYPRO Ruby images were acquired by using the manufacturer’s
recommended wavelength and the 2920-2D Master Imager and were then posi-
tionally matched to the cyanine dye images with DeCyder BVA image analysis
software. Selected differentially expressed spots identified from the DeCyder

analysis of the cyanine DIGE images were excised from the 2-D gel with a Ettan
spot picker (Amersham Biosciences) and processed for microliquid chromatog-
raphy-electrospray ionization MS-MS analysis as described previously (6). The
MS-MS spectra from an individual spot were used to search a mammalian subset
of the NCBI nonredundant database with the SpectrumMill database search
engine (Millennium Pharmaceuticals, Inc., Cambridge, Mass.). To obtain a func-
tional annotation for the identified proteins, the coding sequence of each protein
was searched with BLAST against sequences in the NCBI GenBank (Bethesda,
Md.) database, and gene ontology information was then retrieved. The identified
proteins were grouped according to their known or putative primary functions
and ranked by the change in their level of expression (n-fold) in AOX�/� mice
compared to their expression level in wild-type mice. When a protein was iden-
tified from multiple spots, the most significant increase (n-fold) among these
spots was used. When two proteins were identified in the same spot, the same
change (n-fold) was assigned to both proteins.

Western blot analysis. To confirm the 2-D DIGE results, mouse liver proteins
were first separated in precast 4 to 20% Tris-glycine gels (Invitrogen, Carlsbad,
Calif.) and then blotted onto polyvinylidene difluoride membranes. Following
blocking with 4% nonfat milk, the membranes were probed sequentially with
primary and secondary antibodies, and immunoreactive bands were detected
with enhanced chemiluminescence substrate (Pierce Chemical Co.). Primary
antibodies against mouse glutathione S-transferase P1 (GST-P1) and catalase
were purchased from BioTrend Chemikalien GmbH (Cologne, Germany) and
U.S. Biological (Swampscott, Mass.), respectively. Horseradish peroxidase-con-
jugated secondary antibodies were purchased from Santa Cruz Biotechnology,
Inc. (Santa Cruz, Calif.).

RESULTS

2-D DIGE profile of mouse liver proteins. Total soluble liver
proteins of wild-type, AOX�/�, and Wy-14,643-treated mice
were labeled with different fluorescent dyes and then mixed
together and electrophoretically separated in the same 2-D gel.
Figure 1 shows the Cy2, Cy3, and Cy5 images obtained from a
representative 2-D DIGE gel, corresponding to wild-type,
AOX�/�, and Wy-14,643-treated mouse liver proteins, respec-
tively. Protein spots were uniformly distributed across the 3- to
10-pI range in the first dimension and between 15 and 160 kDa
in the 10% SDS-PAGE second dimension. An average of
about 1,500 spots was detected in each image by DeCyder DIA
image analysis, with pixel intensities ranging from 500 to
64,000 (data not shown). Differences in spot population and
intensity were clearly visible among these three images, espe-
cially near the basic (pI 10) end.

2-D DIGE gel image analysis. One of the key advantages of
2-D DIGE technology is that fluorescent Cy2, Cy3, and Cy5
dyes used for protein labeling are matched by molecular weight
and charge. Therefore, proteins with the same molecular
weight and pI (i.e., the same protein) from different samples
run on the same gel coelectrophoresce and migrate to the same
position (i.e., the spots). Figure 2 shows positionally superim-
posed representative images of wild-type and AOX�/� mice,
AOX�/� and Wy-14,643-treated mice, and wild-type and Wy-
14,643-treated mice. Different colors show the different inten-
sities of the matched spots. Blue, pink, and purple spots, cor-
responding to decreased expression, increased expression, and
the same expression, respectively, were seen in all three over-
laid images. A quantitative statistical analysis was performed
by DeCyder BVA. The Venn diagram (Fig. 2D) summarizes
the significantly regulated spots. One hundred sixty-four reg-
ulated spots were identified in the overlaid image of AOX�/�

and wild-type mice, whereas only 68 regulated spots were identi-
fied for AOX�/� and Wy-14,643-treated mice. In contrast, 212
regulated spots were identified for Wy-14,643-treated and wild-
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type mice, the largest difference in this three-way comparison. In
addition, six spots were found to be different in all three compar-
isons, as shown in the center of the Venn diagram.

Notably, there were three abundant spot clusters that showed
the most dramatic changes among the treatment groups (Fig.
3). Each of these spot clusters consisted of three to six spots, as
detected by DeCyder DIA. One spot from each cluster (master
spot numbers 49, 268, and 386, as assigned by the DeCyder
program) was selected, and its expression pattern was ex-
tracted from the DeCyder BVA results. As shown in the en-
larged portion of the images, these three spots exhibited dis-
tinct patterns of change. The standardized log abundance chart
indicated that spot 49 was moderately down-regulated in
AOX�/� mice and further down-regulated in Wy-14,643-
treated mice; spot 268, which had a very low level of expression
in wild-type mice, was undetectable in AOX�/� mice but high-
ly abundant in Wy-14,643-treated mice; spot 386, on the other
hand, showed substantial up-regulation in AOX�/� mice and
further up-regulation in Wy-14,643-treated mice. These three
spots were subsequently identified as carbamoyl-phosphate
synthetase I (Cpsase I) (molecular mass, 164 kDa; pI, 6.3 [spot
49]), AOX (molecular mass, 75 kDa; pI, 8.6 [spot 268]), and
peroxisomal bifunctional enzyme (molecular mass 78 kDa; pI,
9.2 [spot 386]).

Protein identification. LC–MS-MS analysis of 56 SYPRO
Ruby-stained 2-D DIGE gel spots generated a total of 57 pro-
tein identifications. Of 56 spots, 3 did not produce any protein
identity, 4 were a mixture of two proteins, and 49 generated a
single protein identification for each spot. Some proteins were
identified from multiple spots. For example, farnesyl pyrophos-
phate synthase was identified from three spots. Similarly, fruc-
tose-1,6-bisphosphatase was identified from four spots (Fig. 4).
Thus, there were 46 unique proteins among the 57 proteins
identified.

Differentially expressed proteins. In order to assess func-
tional relevance of changes in the identified proteins, the pro-
teins were aligned into four groups according to their primary
functions. The first group consisted of 12 proteins involved in

fatty acid metabolism (Table 1). Nine of these 12 proteins were
up-regulated in both AOX�/� and Wy-14,643-treated mice in
comparison to levels in wild-type mice. Since fatty acid metab-
olism has been studied to a great extent in peroxisome prolif-
eration, 7 of the 12 proteins, AOX (4, 25, 44, 51), medium-
chain acyl-CoA dehydrogenase (7, 34), acyl-CoA thioesterase 1
(9, 47, 48), 3-hydroxy-3-methylglutaryl-CoA synthase 1 (45),
3-ketoacyl-CoA thiolase A (33, 44), acyl-CoA thioester hydro-
lase (2), and L-peroxisomal bifunctional enzyme (33, 37, 44),
had previously been reported to be regulated in AOX�/� mice
or regulated by peroxisome proliferator treatment due to PPAR�
activation. These gene products contain functional peroxisome
proliferator response elements (PPRE) in the promoter region
(8, 40, 41). Five other proteins, namely, acetyl-CoA acetyltrans-
ferase (acetoacetyl-CoA thiolase), short-chain 3-hydroxyacyl-
CoA dehydrogenase (HCDH), 2-hydroxyphytanoyl-CoA lyase
(HPCL), farnesyl pyrophosphate synthase, and carnitine O-
octanoyltransferase, appeared to be novel findings in connec-
tion with peroxisome proliferation. It would be important to
delineate whether the upstream promoter regions of these
genes contain PPRE. The gene knockout target AOX was ab-
sent, as expected, in AOX�/� mice (10, 11) and increased
5.39-fold in Wy-14,643-treated mice compared to levels in con-
trol mice. Short-chain HCDH and HPCL, however, showed no
(�1.5-fold) change in AOX�/� mice but decreased 1.81-fold
and increased 3.34-fold, respectively, in Wy-14,643-treated mice.

The second group was a collection of proteins involved
mainly in amino acid metabolism (Table 2). It consisted of 15
proteins, 10 of which were down-regulated, 3 of which were
unchanged, and 2 of which were up-regulated in the AOX�/�

mice compared to levels in wild-type mice. Levels of 6 of these
15 proteins were also significantly different between AOX�/�

and Wy-14,643-treated mice, indicating the divergence of AOX
gene disruption. Arginase 1 (liver type) (21), Cpsase I (21),
fructose-1,6-bisphosphatase (22), mitochondrial aspartate ami-
notransferase (30), and NADP-dependent malic enzyme (19,
35) have previously been shown to be regulated in livers with
peroxisome proliferation. For the 10 others, an association

FIG. 1. Fluorescent cyanine dye images of mouse liver proteins. Proteins of three different mouse liver homogenates were labeled with cyanine
dyes and mixed together for 2-D DIGE analysis. The mixture was first separated by isoelectric focusing (pH 3 to 10; horizontal axis) and further
separated by 10% SDS-PAGE (vertical axis), which stretches from approximately 160 kDa (top) to 15 kDa (bottom). (A) Wild-type mouse liver
protein labeled with Cy-2 dye; (B) AOX-null mouse liver protein labeled with Cy-3 dye; (C) liver protein of Wy-14,643-treated wild-type mouse
labeled with Cy-5 dye.

6290 CHU ET AL. MOL. CELL. BIOL.



with peroxisome proliferation had not been demonstrated pre-
viously. The up-regulation of NADP-dependent malic enzyme
in Wy-14,643-treated mice appeared similar to that reported
previously (19, 35). However, this regulation was not seen in
the AOX�/� mice. Though the change in glutamate dehydro-
genase expression in both AOX�/� and Wy-14,643-treated
mice was not significant compared to its expression level in
the wild-type mice, a 1.55-fold decrease was found in
AOX�/� mice than in Wy-14,643-treated mice.

The third group consisted of proteins related to stress re-
sponses and xenobiotic metabolism (Table 3). Proteins in this
group were all down-regulated in AOX�/� and Wy-14,643-
treated mice, with the exception of HSP70 and catalase, both
of which were up-regulated in AOX�/� and Wy-14,643-treated
mice. Although catalase is not essential for the hypolipidemic
action of peroxisome proliferators, it is the peroxisomal

marker enzyme capable of degrading hydrogen peroxide gen-
erated by peroxisomal oxidases, including the AOX of the
peroxisomal �-oxidation system (43). The sixfold increase of
catalase protein in both AOX�/� and Wy-14,643-treated mice
was significant. However, the regulation of catalase by PPAR�
has not been studied as extensively as that of fatty acid metab-
olism enzymes. A recent report provides evidence that a func-
tional PPRE is present in the up-stream region of the rat
catalase gene promoter and that catalase might be a PPAR	
target gene (15). It should be noted that the catalase gene did
not appear to be significantly transcriptionally up-regulated in
livers with peroxisome proliferation (15, 44). The increase in
the amount of the catalase protein in livers with PPAR� acti-
vation is perhaps due to posttranscriptional regulations and
not due to PPAR�-regulated transcription. This issue re-
quires further clarification by assessing the role of hydrogen

FIG. 2. Overlaid cyanine dye images and Venn diagram showing differential protein expression. Standard 24-bit 2-D DIGE gel images from Fig.
1 were overlaid one-to-one by Paint Shop. (A) Pink image of the wild-type mouse liver proteins overlaid with the blue image of AOX�/� mouse
liver proteins. (B) Pink image of AOX�/� mouse liver proteins overlaid with the blue image of proteins from Wy-14,643-treated mice. (C) Pink
image of proteins from wild-type mouse livers overlaid with the blue image of proteins from Wy-14,643-treated mice. Pink spots are more abundant
in the first image; blue spots are more abundant in the second image, and purple spots have similar abundances in both images. (D) Venn diagram
showing the number of 2-D gel spots with altered levels of expression between different mouse groups. The threshold used to qualify differentially
expressed spots was a Student t test P value less than 0.05 and an average ratio of change greater than 1.5-fold. Wt, wild type.
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peroxide in the stability or posttranscriptional modification
of catalase.

The final group included two carrier proteins and seven
regulatory proteins responsible for protein modification and
signal transduction (Table 4). Only an unknown protein with
the putative function of tyrosine sulfation showed 
7-fold
down-regulation in both AOX�/� and Wy-14,643-treated mice
than in the control mice. The other eight proteins exhibited
moderate regulation, with less than a threefold change. Al-

bumin was the only protein in this group that was known
previously to be regulated by a peroxisome proliferator (24).
All others have not been explored in association with peroxi-
some proliferation.

Confirmation of differential levels of protein expression by
Western blotting. Among the significantly regulated proteins
identified from 2-D DIGE gel spots by LC–MS-MS, some have
been previously reported to be regulated at both the mRNA
and protein levels in the livers of AOX�/� or peroxisome

FIG. 3. Output from DeCyder BVA showing three differentially expressed abundant proteins. Top panels are enlarged regions of images of
Cy2-labeled wild-type (A), Cy3-labeled AOX-null (B), and Cy5-labeled Wy-14,643-treated (C) mouse liver samples. Arrows indicate three
abundant protein spots of 49, 268, and 386, corresponding to Cpsase I, AOX, and peroxisomal biofunctional enzyme, respectively. Bottom panels
are graphical representations of standardized log abundances of these three protein spots exported from DeCyder BVA.

FIG. 4. Protein identification from multiple spots. Cyanine dye-labeled gels were further stained with SYPRO Ruby dye, and differentially
expressed spots were excised and analyzed by LC–MS-MS. (A) Farnesyl pyrophosphate synthase was identified in spots 941, 949, and 955;
(B) fructose-1,6-bisphosphatase was identified in spots 969, 976, 979, and 980.
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proliferator-treated mice (10, 11). Other proteins, however,
had not been reported before or showed a different trend of
regulation. Catalase, for example, was previously shown to give
a modest increase (approximately twofold) at the mRNA level
but not at the protein level (11, 31). GST-�, on the other hand,
was reported to be down-regulated in mice treated with differ-
ent types of peroxisome proliferators (32, 50). To validate our
2-D DIGE results, we used immunoblotting with commercially
available antibodies along with a more sensitive chemilumines-
cent substrate. As shown in Fig. 5, catalase-specific antibody
detected a significant increase in the 60-kDa band, which is the
expected molecular mass of catalase, in both AOX�/� and
Wy-14,643-treated mice. GST-�-specific antibody, on the
other hand, revealed the down-regulation of the band at 24
kDa, which is the anticipated molecular mass of GST-�, in
both AOX�/� and Wy-14,643-treated groups. Intensity calcu-
lation of the detected bands indicated that the degrees of
changes detected by immunoblotting were comparable to these
detected with a 2-D DIGE gel (data not shown). In contrast,
the control anti-�-tubulin antibody detected only a moderate
decrease in the 50-kDa band, as expected.

DISCUSSION

This study applied 2-D DIGE technology to examine liver
protein profiles of wild-type, AOX�/�, and Wy-14,643-treated

mice and identified 46 differentially expressed proteins by LC–
MS-MS. The 2-D DIGE technology offers clear advantages
over conventional 2-D gel methods, such as the capability of
analyzing and comparing up to three different samples in one
gel, good spot matching between images, and more accurate
comparative analysis (49). On the other hand, 2-D DIGE bears
some of the same limitations as traditional 2-D gel analysis.
For example, membrane proteins and other low-abundance
proteins are usually underrepresented. The recent cDNA mi-
croarray analysis identified several cell surface proteins which
were substantially up-regulated in Wy-14,643-treated mouse
liver (3, 26). None of these cell surface proteins, however, were
detected in the present analysis, due to the ineffectiveness of
the 2-D gel approach. Despite these limitations, proteomic
analysis provides valuable information that is complementary
to the genomic approach. It was shown in yeast that the mRNA
level does not always correlate with the protein level (12, 17).
To fully understand a biological process, it is necessary to
determine the protein expression level directly. In addition, the
proteomic approach provides information that could not be
obtained at the RNA level. For instance, one mRNA may
result in several isoforms of one protein with distinct biological
functions. Of the 46 differentially expressed proteins identified
in this study, six were found in multiple spots, implying the
presence of multiple modified variants. On the other hand,
changes in one protein may affect the functions of others.

TABLE 1. Fatty acid metabolism proteinsa

GenBank
accession

no. (protein)
Protein description Functions and pathways

AOX vs Wt Wy vs AOX Wy vs Wt

Fold P Fold P Fold P

6429156 Peroxisomal AOX Fatty acid �-oxidation, fatty acid metabolism,
amino acid metabolism, energy derivation by
oxidation of organic compounds

�1.13 0.39 6.11 0.26 5.39 0.00088

21431780 Short-chain HCDH Fatty acid �-oxidation, fatty acid metabolism,
energy pathways

1.03 0.57 �1.86 0.009 �1.81 0.037

9910332 HPCL Fatty acid �-oxidation, carbohydrate metabo-
lism, branched-chain family amino acid
biosynthesis

1.19 0.2 2.8 0.044 3.34 0.021

135757 Acetyl-CoA acetyltrans-
ferase (acetoacetyl-CoA
thiolase 1)

Fatty acid �-oxidation, lipid metabolism,
ergosterol biosynthesis, nitrogen metabolism,
energy pathways

1.50 0.00031 1.31 0.12 1.93 0.0073

15824695 Famesyl pyrophosphate
synthase

Isoprenoid biosynthesis, modulator of the
cellular response to fibroblast growth factor
treatment

1.62 0.00027 1.41 0.018 2.28 0.00044

6680618
(mixture)

Medium-chain acyl-CoA
dedydrogenase

Fatty acid �-oxidation, fatty acid metabolism,
energy derivation by oxidation of organic
compounds, energy pathways

1.91 0.000014 1.12 0.37 2.13 0.002

6753550
(mixture)

Acyl-CoA thioesterase 1 Fatty acid metabolism, bile acid metabolism,
glycine metabolism

2.41 0.012 2.52 0.046 6.08 0.0068

8393538
(mixture)

3-Hydroxy-3-methylglu-
taryl-CoA synthase 1

Acetyl-CoA metabolism, cholesterol biosynthe-
sis, lipid metabolism, steroid biosynthesis,
coenzymes and prosthetic group metabolism

2.58 0.02 1.88 0.12 4.84 0.021

135746 3-Ketoacyl-CoA thiolase A Fatty acid �-oxidation, lipid metabolism, ergos-
terol biosynthesis, nitrogen metabolism,
energy pathways

2.83 0.05 �1.19 0.86 2.37 0.05

29336033 Carnitine O-octanoyltrans-
ferase

Fatty acid �-oxidation, fatty acid metabolism,
synaptic transmission, energy derivation by
oxidation of organic compounds, energy
pathways

3.04 0.000058 �1.37 0.18 2.22 0.0047

12229867 Acyl-CoA thioester
hydrolase 1

Fatty acid metabolism, bile acid metabolism,
glycine metabolism

9.92 0.04 �1.11 0.84 8.93 0.03

16877282 Peroxisomal bifunctional
enzyme

Fatty acid �-oxidation, fatty acid metabolism,
energy pathways

14.21 0.037 1.87 0.099 26.54 0.025

a Fold, average ratio of change (n-fold). A positive number indicates an increase in the level of expression in the first mouse group or a decrease in the second mouse
group; a negative number indicates a decrease in the level of expression in the first mouse group or an increase in the second mouse group. P, Student’s t test P value;
Wt, untreated wild-type mouse; AOX, AOX�/� mouse; Wy, wild-type mouse treated with Wy-14,643; mixture, two proteins identified from one spot.
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Accordingly, different proteins in the same or a related meta-
bolic pathway may be regulated in a coordinated manner.
Alignment of the differentially expressed proteins by their pri-
mary function indeed revealed similar patterns of changes.

Fatty acid metabolism. Peroxisomes are the principal sites of
oxidation of long- and very long-chain fatty acids. More than
half of the peroxisomal proteins participate in lipid metabolism
(40, 41). Previously it has been shown that deletion of the AOX
gene leads to sustained activation of PPAP�, resulting in pro-
found spontaneous peroxisome proliferation in liver cells as
well as induction of genes that are regulated by PPAR� (10,
11). The observation of up-regulation of fatty acid metabolism
proteins in AOX�/� mouse liver is consistent with the previous
results. The magnitude of differential protein expression in
AOX�/� mice is comparable with that of Wy-14,643-treated
mice. Increases in proteins that function in fatty acid metabo-
lism following disruption of the AOX gene, which produces
one of the crucial enzymes in fatty acid catabolism, may be
viewed simply as compensatory overexpression of the meta-
bolic protein network. On the other hand, the loss of AOX
leads to unmetabolized AOX substrates that function as li-
gands for PPAR� (11, 52). Differences between AOX�/�

and Wy-14,643-treated mice were limited to the short-chain
HCDH and the �-oxidation enzyme HPCL (Table 1). The
majority of these proteins are also related to energy pathways;
some also participate in glycine metabolism (acyl-CoA thioes-

terase 1 and acyl-CoA thioester hydrolase), nitrogen metabo-
lism (acetoacetyl-CoA thiolase), and steroid biosynthesis (3-
hydroxy-3-methylglutaryl-CoA synthase 1).

Amino acid metabolism. Gene regulation studies of livers
with peroxisome proliferation have been focused mostly on
fatty acid-metabolizing enzymes. Most of the proteins involved
in amino acid metabolism identified here have not been re-
ported before to have direct connections with peroxisome pro-
liferation. Unlike fatty acid metabolism proteins, the proteins
in this group are mostly down-regulated in both AOX�/� and
Wy-14,643-treated mice. Recently, it has been reported that
PPAR� influences the expression of numerous genes impli-
cated in major pathways of amino acid metabolism (21). It was
also demonstrated that the mRNA level of the Cpsase I gene
was substantially decreased in Wy-14,643-treated wild-type
mice (21). Suppression of its amino acid metabolism protein
may result in an overall decrease in amino acid degradation.
This speculation is supported by the fact that plasma urea
concentrations are increased in fasted PPAR�-null mice (21).

Stress response and xenobiotic metabolism. Oxidative stress
and xenobiotic detoxification are physiologically correlated
(29). A direct consequence of sustained induction of peroxiso-
mal fatty acid �-oxidation system is the accumulation of excess
H2O2 and possibly other reactive oxygen specials (16, 36, 52).
Cells have numerous defense systems to counteract the dele-
terious effects of reactive oxygen specials. There are three

TABLE 2. Amino acid metabolism proteinsa

GenBank
accession

no.
(protein)

Protein description Functions and pathways
AOX vs Wt Wy vs AOX Wy vs Wt

Fold P Fold P Fold P

15488638 Ketohexokinase Monosaccharide metabolism, purine nucleotide
metabolism, polysaccharide metabolism

�3.68 0.00017 1.35 0.11 �2.72 0.00078

16758338
(mixture)

Formiminotransferase-
cyclodeaminase

Folic acid and glutamate metabolism, transport �3.67 0.02 1.6 0.12 �2.29 0.021

114290 Arginosuccinate synthetase 1 Glutamine family amino acid biosynthesis, ni-
trogen metabolism, urea cycle intermediate
metabolism

�2.63 0.0001 �1.01 0.93 �2.66 0.017

7106255 Arginase 1 (liver type) Arginine metabolism, histidine metabolism, ni-
tric oxide biosynthesis

�2.48 0.00049 1.15 0.13 �2.16 0.0047

15723268 Fructose-bisphosphatase
aldolase B

Pyruvate kinase, glycolysis, fructose metabolism,
catabolic carbohydrate metabolism

�2.17 0.0043 �1.14 0.31 �2.49 0.0037

8393186 Cpsase I Arginine biosynthesis, de novo pyrimidine bio-
synthesis, nitrogen metabolism

�2.11 0.000022 �1.82 0.007 �3.85 0.00019

20149747 Scarcosine dehydrogenase Glycine catabolism, glycerol-3-phosphate me-
tabolism, small ubiquitin-related protein 1
conjugation, electron transport

�2.03 0.000053 �2.01 0.055 �4.07 0.024

20429722 Cysteine sulfinic acid
decarboxylase

Histidine metabolism, catecholamine metabo-
lism, glutamate decarboxylation, synaptic
transmission

�1.81 0.00000073 1.15 0.13 �1.58 0.0026

9506589 Fructose-1,6-bisphosphatase Amino acid and derivative metabolism, fructose
metabolism, carbohydrate metabolism

�1.68 0.001 �1.3 0.15 �2.18 0.0043

1346309 4-Hydroxyphenylpyruvic acid
dioxygenase

Tyrosine catabolism, apoptosis �1.55 0.05 1.55 0.033 �1.01 NAb

6754036 Mitochondrial aspartate
aminotransferase

Aspartate catabolism, glutamate metabolism,
mitotic chromosome condensation

�1.24 0.0074 �1.36 0.15 �1.75 0.039

6678912 NADP-dependent malic
enzyme

Malate metabolism, pyruvate metabolism, tri-
carboxylic acid cycle, carbohydrate metabolism

1.01 0.79 6.03 0.00002 6.11 0.002

6680027 Glutamate dehydrogenase,
mitochondrial

Glutamate catabolism 1.35 0.00000016 �1.55 0.005 �1.16 0.14

8393215
(mixture)

Cystathionine gamma-lyase Cysteine metabolism, methionine metabolism 1.91 0.0000014 1.12 0.37 2.13 0.002

15929766
(mixture)

S-Adenosylhomocysteine
hydrolase

Methionine metabolism, DNA methylation 2.41 0.012 2.52 0.046 6.08 0.0068

a See the footnote for Table 1.
b NA, not available.

6294 CHU ET AL. MOL. CELL. BIOL.



species of superoxide dismutases that transform the superoxide
anion O2

� in hydrogen peroxide. This transformed superoxide
anion in turn is destroyed by peroxisomal catalase or by various
peroxidases (19). It is not surprising to see an approximately
sixfold increase of catalase protein in both AOX�/� and Wy-
14,643-treated mice, despite the fact that only an approxi-
mately twofold increase of mRNA was observed (31, 44). The
comparable ratios of catalase induction in AOX�/� and Wy-
14,643-treated mice imply a common regulatory mechanism
for catalase protein. Clearly, deletion of the AOX gene in
AOX�/� mice prevents hydrogen peroxide production from
acyl-CoA oxidation. If the increased expression of catalase in

AOX�/� mice is in response to oxidative stress, a near-sixfold
increase of catalase protein expression in the absence of AOX
protein suggests the existence of additional reactive-oxygen-
generating sources in AOX�/� mice that are independent of
the peroxisomal fatty acid �-oxidation system. These addi-
tional sources are possibly attributable to a significant increase
in the CYP4A family of enzymes in livers with PPAR� activa-
tion (41, 52). In addition to catalase, GRP75, which is a stress
protein, was increased only in AOX�/� mice, not in Wy-
14,643-treated wild-type mice, implying a different stress re-
sponse mechanism. Among eight down-regulated proteins, the
most significantly changed protein was selenium-binding pro-

TABLE 3. Stress response and xenobiotic metabolism proteinsa

GenBank
accession

no.
(protein)

Protein description Putative functions and pathways
AOX vs Wt Wy vs AOX Wy vs Wt

Fold P Fold P Fold P

9507079 Selenium-binding protein 2
(56-kDa acetaminophen-
binding protein)

Selenium and acetaminophen binding,
detoxification

�18.62 0.0000017 �1.32 0.21 �24.54 0.0000021

10092608 GST-P1 Glutathione metabolism, glutathione
conjugation reaction, prostaglandin
metabolism, stress response

�8.28 0.00059 1.28 0.18 �6.48 0.0009

2494382 Liver carboxylesterase
precursor (es-male)
(esterase-31)

Acetylcholine breakdown in the synaptic cleft,
cholesterol metabolism, membrane lipid
metabolism, xenobiotic detoxification

�7.5 0.00026 3.37 0.31 �2.23 0.48

6754082 GST alpha 4 Glutathione metabolism, glutathione
conjugation reaction, prostaglandin
metabolism, stress response

�3.25 0.00032 1.01 0.99 �3.24 0.0012

127527 Major urinary protein 2
precursor

Prostaglandin metabolism, transport, defense
response, olfaction

�3.16 0.0085 1.32 0.97 �4.17 0.0082

25108890 Sorbitol dehydrogenase Sorbitol metabolism, ethanol oxidation �3.1 0.00000049 3.1 0.00004 �1.01 0.94
6753036 Aldehyde dehydrogenase 2 Alcohol metabolism, aldehyde metabolism,

vitamin A metabolism
�1.62 0.0021 1.05 0.69 �1.56 0.0047

3219774 Antioxidant protein 2
(1-Cys peroxiredoxin)

Electron transport, peroxidase reaction,
oxidative-stress response, antiapoptosis

�1.61 0.0000013 �1.01 0.9 �1.63 0.005

14917005 Stress-70 protein (75-kDa
glucose-regulated protein)

Heat shock response, protein folding, protein
biosynthesis, translocation

2.28 0.0000022 �1.59 0.012 1.42 0.028

115704 Catalase Catalase reaction, peroxidase reaction,
oxidative-stress response

5.76 0.0000023 1.13 0.53 6.49 0.00026

a See the footnote for Table 1.

TABLE 4. Protein modification, signal transduction, and carrier proteinsa

GenBank
accession

no.
(protein)

Protein description Putative function(s)
AOX vs Wt Wy vs AOX Wy vs Wt

Fold P Fold P Fold P

15079395 Unknown (protein for
RIKEN cDNA 493140)

Tyrosine sulfatation �7.78 0.00022 1.11 0.56 �7.02 0.000000029

28526830 Secretory carrier membrane
protein 1

Recycling carrier protein, endocytosis �2.72 0.00072 1.12 0.87 �2.62 0.023

8567354 Glycine N-methyltransferase Protein modification, ergosterol biosynthesis 2.7 0.0002 �1.11 0.38 �3 0.00011
5915682 Serum albumin precursor Carrier/transporter �2.13 0.000000005 2.6 0.004 1.19 0.31
12842842 Pyrophosphate phospho-

hydrolase
Phosphate metabolism, cell cycle control �1.59 0.0025 �1.13 0.38 �1.81 0.033

8394015 Protein phosphatase 1D
magnesium-dependent
delta isoform

Radiation response, protein dephosphoryla-
tion, cell cycle control, activation of p53,
negative control of cell proliferation

�1.53 0.0021 1.31 0.061 �1.18 0.26

6679235
(mixture)

Phosphatidylcholine transfer
protein

Protein phosphorylation 1.26 0.0025 1.62 0.051 2.04 0.017

548898
(mixture)

GTP-binding protein
SAR1a

Intracellular protein traffic, protein myristyla-
tion, vesicle assembly, synaptic vesicle
endocytosis

1.26 0.0025 1.62 0.051 2.04 0.017

12597249 RhoGDI-1 RHO protein signal transduction, cell adhe-
sion inhibition, actin cytoskeleton reorgani-
zation, immune response, developmental
processes

2.2 0.025 �1.65 0.19 1.33 0.33

a See the footnote for Table 1.
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tein 2 (SBP2), which was reduced 18.6-fold in AOX�/� mice
and 24.5-fold in Wy-14,643-treated mice. When a less sensitive
Coomassie blue staining method was used for protein detec-
tion in the 2-D gel, SBP2 was reported to be down-regulated
9.6-fold in ciprofibrate-treated mice (13, 14). SPBs are believed
to play a crucial role in the anticarcinogenic and growth inhi-
bition functions of selenite by acting as growth regulatory pro-
teins (28). Other proteins in this group, including GST-P1,
liver carboxylesterase precursor (Esterase-31), GST �4, major
urinary protein 2 precursor, aldehyde dehydrogenase 2, and
antioxidant protein 2 (1-Cys peroxiredoxin), were all reduced
significantly in both AOX�/� and Wy-14,643-treated mice.
Overall, the regulation of stress response and xenobiotic me-
tabolism proteins in AOX�/� mice was similar to that in the
Wy-14,643-treated mice, implying that the xenobiotic effects of
the endogenously accumulated long-chain fatty acid acyl-CoAs
are similar to those of Wy-14,643.

Protein modification, signal transduction, and carrier pro-
teins. Due to their regulatory nature, this group of proteins
showed moderate changes in expression, with the exception of
a protein of unknown function, which was down-regulated
more than sevenfold in both AOX�/�and Wy-14,643-treated
mice. The full-length coding sequence for this protein has been
registered several times in the NCBI GenBank database (ac-
cession no. BC011540, BC025213, AK088123, BC016078, and
NM_133732). A gene ontology search suggested its role in
tyrosine sulfation, yet this predicted function has to be con-
firmed experimentally. In contrast to metabolism proteins,
these regulatory proteins may play pivotal roles in the initiation
and progression of cell proliferation and subsequent carcino-
genesis. For example, the protein phosphatase 1D magnesium-
dependent delta isoform is known to be inducible by p53 and
regulates cell proliferation (5). Rho GDI-1 interacts with Rho,
Rac, and Cdc42, which are important regulators of the actin
cytoskeleton, phospholipid metabolism, membrane trafficking,
smooth muscle contraction, cell cycle progression, cell trans-
formation, apoptosis, and transcriptional activation (23). For
these regulatory proteins, even though the increases are not as
great as those of proteins involved in metabolic pathways,
these alterations can also contribute to peroxisome prolifera-
tor-induced carcinogenesis and add to the burden of oxidative

stress (36, 46, 52). Induction of the oncogenes c-Ha-ras, c-myc,
and jun by several peroxisome proliferators has been reported
for rodent species (27). The roles of each these regulatory
proteins in peroxisome proliferation need to be further deter-
mined. Nonetheless, this additional list of proteins responsible
for protein modification and signal transduction may facili-
tate the understanding of peroxisome proliferation-associated
hepatocarcinogenesis.

In summary, liver protein profiles of wild-type, AOX�/�,
and Wy-14,643-treated mice were analyzed and compared by
2-D DIGE and resulted in the identification of 46 differentially
expressed proteins. Most of these differentially expressed pro-
teins are metabolic enzymes; several are regulatory proteins.
The alignment of these regulated proteins according to their
primary function revealed that most of the fatty acid metabo-
lism proteins are up-regulated but that the majority of proteins
involved in amino acid metabolism, stress response, and xeno-
biotic metabolism are down-regulated. Some of the proteins
identified have multiple functions and are involved in several
metabolic pathways. Overall, the degrees of difference in pro-
tein expression between AOX�/� and wild-type mice were
similar to those between wild-type and Wy-14,643-treated mice.
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